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Abstract :
DUNE with its cutting edge technology is designed to study the neutrino science and proton decay
physics. This facility can be further exploited for the study of the ground breaking discoveries i.e. origin of
matter, unification of forces, dark matter detection etc. In this work we have explored the DUNE potential
for capturing the sub-GeV dark matter in viable dark matter parameter space. The scenario of sub-GeV
dark matter range requires a light mediator that couples the hidden sector with the standard model. The
choice of the mediator will decide the different channels by which dark matter candidates can be produced.
Here three channels pi0/η-decay, proton bremsstrahlung and parton-level production modes are considered
for the production of dark matter with a 120 GeV proton beam facility placed at Fermi lab. To overcome
the neutrino background we have used beam dump mode for the production of pure dark matter beam. To
explore the new region of parameter space of dark matter at DUNE the elastic scattering of dark matter beam
with electrons and nucleons are studied. In terms of DUNE potential for capturing dark matter signatures
the dark matter yield results at DUNE (in our work) shows a significant improvement over existing dark
matter probes i.e. BaBar, E137, LSND, MiniBooNE, T2K etc.
Keywords: Dark matter, dark photon, direct detection, beam dump, yield, sensitivity.
1 Introduction:
The existence of dark matter is strongly suggested by various gravitational phenomena in astrophysics and
cosmology. The simplest realization of dark matter particles is in form of new stable weakly interacting non-
baryonic elementary particles, which can be relativistic or non-relativistic. The presence of such particles
has motivated experimentalist to design experiments capable of capturing dark matter (DM) signals. The
three main experimental techniques which are used to probe the dark matter particles are (i) Indirect Detec-
tion experiments [1, 2, 3] (ii) Direct Detection experiments [4] and (iii) detection of dark matter particles
produced with Collider searches technique [5, 6, 7, 8]. In direct detection mode the dark matter particles
collide with the standard model particles and by the study of recoil nucleons or scattered electrons the
information regarding dark matter candidates is gathered. While the observation of standard model (SM)
particles created during the annihilation or decay of dark matter particles will come under indirect detection
searches. Further in collider searches dark matter beam is produced by the collision of highly energetic
particles.
The mass of many possible candidates of DM, which are postulated using different inputs of physics
varies from 10−31 to 1020 GeV. The present research on DM (based on their masses) can be divided on
the basis of detection technique, type of its interaction and DM mass i.e. axion DM produced from the
non-thermal mechanism O(eV ), light DM or sub-GeV DM O(MeV −GeV ) and weakly interacting massive
particles (WIMPs) (> 1GeV ) produced from the thermal freeze-out mechanism. Due to absence of the
signatures of DM the cosmologist have speculated different types of the DM whose classification depends
on the kinetic energy possessed by the DM. If the DM particles are relativistic or super relativistic they
are called hot DM [72] otherwise they are called cold DM. Since the hot dark matter particle are moving
with relativistic or super relativistic speed hence they will escape from small density fluctuations. If the
DM particles are moving very fast then the structure formation theory predicts that all structures smaller
than massive galaxies would be destroyed by free streaming process. But we have structures smaller than
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galaxies so we can assume that DM can not be predominantly hot. In this way we can assume that a little
bit of hot DM is mixed with predominantly cold DM.
The strongly motivated idea for the existence of DM particles, consider the DM particles as the natural
partners of the existing SM particles which come out from the unification frameworks or axions invoked to
solve the strong CP violation problems. The line of thought followed for the production of DM particles
will determine the method or the experimental technique required for its detection. The sensitivity of these
experiments must allow the experimental facility to explore new interaction channels, whose cross-sections
are below the electroweak interaction of the SM. With these types of experiments we can try to achieve
the required relic DM density without depending on either weak scale mass or weak scale interaction.
The null results estimated by the direct detection technique [9, 10, 11, 12, 13] used for the capturing of DM
signatures, lying in mass range 1 GeV to 1 TeV has ruled out the large region of DM parameter space. These
results motivate us to move towards the the discovery of production modes which can produce DM (below 1
GeV) candidates of lower masses. This low mass DM can be produced using various techniques [14]. In our
paper, we have considered direct detection technique to probe the sub-GeV DM and the constraints imposed
on the mass of DM lies well below the Lee-Weinberg bound [15] which promotes a non SM annihilation
channel through light states to produce correct relic abundance [70].
The characteristics of weak-scale (low mass mediator) parameter offers a hope for direct detection of
non-gravitational DM interactions in laboratory. However these searches are less sensitive to light DM
candidates due to the low detection threshold of recoil nucleon, thus it is essential to consider alternative
approach to detect light DM in this regime (sub-GeV range). New strategy introduced in above context are
fixed target experiments as they can provide the valuable sensitivity to light sub-GeV DM in comparison
to the collider experiments. But one major issue with fixed target experiments is high neutrino background
which makes discrimination of DM particles from neutrino background very difficult. The use of experiment
in beam dump mode reduces the neutrino background in the target volume. High intensity proton beam or
electron beam is produces DM particles after colliding with the nuclei of fixed target, further neutrino
background reduced by using it in beam dump mode. The signatures of DM are identified by the different
scattering modes of DM with the nucleons and electrons of downstream near detector. This beam dump
facility was used by MiniBooNE experiment in 2014 [16] to the detection of DM.
In this paper, we have investigated the sensitivity of DUNE (Deep Underground Neutrino Experiment)
[17] for light dark matter using a simulation tool BdNMC [18]. The physics used here for DM candi-
dates, considers the interaction of hidden sector (Hypercharge field strength FYDµν ) with standard model
(SM) particles (Hypercharge field strength FYµν ) via vector portal. A highly energetic proton beam of 120
GeV is bombarded on the fixed target to produce DM beam. Different production channels: mesons decay,
bremsstrahlung and parton-level are used to produce the DM beam. In this work, we have studied the yield
of the scattered dark matter at DUNE near detector through the elastic neutral current (NCE) scattering with
the nucleon and electron to check the sensitivity of DUNE for DM detection.
2 Thermal Relic Light Dark Matter and Portals:
Thermal relic dark matter are those particles which were created thermally in the early universe when
the temperature of the universe was too high and thermal equilibrium was achieved (i.e. annihilation and
creation rates of DM was roughly equal) making dark matter density constant. As the universe was cooling
and expanding, creation rate of DM stopped but annihilation of DM continued till the time the temperature
of the universe was higher than the mass of DM making the dark matter density fall down. When the
temperature dropped below the DM mass, the DM annihilation also stopped hence DM density became
constant (freeze-out) as at this temperature as DM particles were not able to find their DM partners to
annihilate.
The cosmological abundance of DM can provide the measure of annihilation rate of DM 〈σv〉 [19], if
DM is a thermal relic of the early universe. The annihilation rate of DM can be expressed as,
〈σv〉= x+ yv2+ ............. (1)
First term of above equation indicates the annihilation cross-section arising from the s-wave and it is
independent of the relative velocity of DM (v) whereas the second term gives the contribution arising from
partial p-wave and it depends on the square of relative velocity of DM. The s-wave contribution dominates
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in the thermally averaged annihilation cross-section (〈σv〉s ≈ 2.2×10−26cm3s−1) but adding p-wave con-
tribution to it gives precise value of relic DM density. In our model we have considered s-wave and p-wave
contributions since the detection of annihilation cross-section arising from partial waves other than s-wave
will provide a crucial clue regarding the nature of DM. However these detection become inefficient for
heavy DM (WIMP) candidates.
The lack of WIMP signatures at LHC (Large Hadron Collider) and other experiments diverted the atten-
tion from massive DM candidates to lower masses of DM candidates. This selection was inspired by the
observation of 511 keV γ -ray line arising from the galactic center with the help of SPI (SPectrometer IN-
TEGRAL) spectrometer in the INTEGRAL (INTErnational Gamma-Ray Astrophysics Laboratory) space
observatory [20, 21]. It was also inspired by many theoretical models i.e. supersymmetric (susy) model of
DM, in this supersymmetric model susy partner particle of each SM particle is included in the model and
by adding these particles the supersymmetric models attempt to address problems which are beyond the
purview of SM. The susy model for DM predicts the precise annihilation cross-section of DM which can
generate the correct thermal relic DM abundance [22, 23, 24]. One more relevant theoretical approach to
detect sub-GeV DM is asymmetry DM (ADM) model. This ADM model relates the asymmetry of dark
matter to the asymmetry of baryon. In the present universe, DM density is roughly five times of the SM
baryon density [25]. If production channel for creation of the dark matter density and baryonic density in
the early universe densities is assumed to be the same then DM relic density can be naturally explained with
the help of ADM model framework [26, 27, 28, 29].
In an attempt to understand the universe, theoretical physicists have used different portals which establish
a connection between the hidden sector and visible sector. Portals acts like a bridge between dark matter
and ordinary matter and they exchange specific mediator between them. The hidden sector mediators can
be scalar, pseudoscalar, vector or fermionic. The lagrangian of different dominant portals with associated
mediators are as follows [14]:
Lportal =

−εFµνFµνD Vector Portal :: Vector
(µS+λS2)HH† Higgs Portal :: Scalar
yi jLiHN j Neutrino Portal :: Fermion
a
fa
Aµν A˜µν Axion Portal :: Pseudoscalar
(2)
Here, ε is kinetic mixing term, Fµν = [∂µFν −∂νFµ ] is the SM hypercharge field strength tensor, FDµν =
[∂µγDν − ∂νγDµ ] is field strength of dark sector U(1)D, H is the SM Higgs doublet, S is scalar singlet of
new dark sector U(1)D, λ and µ are free parameters, L is a lepton doublet, i and j are flavor indices, N j is
right handed state for majorana mass term, fa is mass scale of pseudoscalar a and Aµν(A˜µν) is the (dual)
field strength tensor of the SM photon field.
We have focused on the vector portal which is the most viable portal for the production of light dark
matter because the “kinetic mixing” interaction term “εFµνF
µν
D ” is invariant under gauge transformation
of both U(1)D and U(1)Y in this scenario. To consider the DM candidates the SM can be extended by
adding a new extra dark gauge group U(1)D that couples to the SM hypercharge U(1) gauge group via
kinetic mixing term ε [30, 31]. The dark gauge group U(1)D symmetry is spontaneously broken at a low
energy scale by the higgs in hidden sector and leads a massive dark photon (DP) mediator γD which is a
hypothetical particle ofU(1)D gauge group. Experimental searches of dark photon is needs of great interest
for DM physics community and these searches are carried out at LHC and other experiments. Here we have
focused on the MeV to GeV mass range of dark photon because this mass scale of dark photon will be able
to describe the shocking results of astrophysical evidences regarding DM density. The DM particle χ can
be taken as scalar or fermionic fields which are charged under dark gauge group U(1)D. We have focused
on scalar field of DM candidates because this scenario is less constrained by astrophysical considerations,
such as annihilation-induced distortion of the CMB.
The applicable low energy Lagrangian of light scalar dark matter for vector portal can be expressed as,
LDM = LγD +Lχ (3)
where,
LγD =−
1
4
FDµνF
µν
D +
1
2
m2γDγDµ γ
µ
D −
1
2
εFDµνF
µν (4)
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Lχ =
igD
2
γµDJ
χ
µ +
1
2
∂µχ†∂µχ−m2χχ†χ (5)
where, Jχµ = [(∂µχ†)χ − χ†(∂µχ)] is DM current density and gD is treated as gauge coupling constant
between DM current density and a new massive dark photon field potential γµD originated from sponta-
neously broken gauge symmetry U(1)D. At low energies, DP kinetically mixes with ordinary photon and
couples to the SM electromagnetic current with strength εg, where g is electromagnetic coupling constant.
This minimal light dark matter model consist of four parameters, dark matter mass (mχ ), dark photon
mass (mγD ), gauge coupling (gD) and kinetic mixing term (ε). The viable sub-GeV scale DM under the
Lee-Weinberg bound provides a fix relation among all parameters and can give correct relic DM density
[32].
Our interested region of light DM is that in which DM is thermal relic. Sub-GeV thermal relic DM
candidates are constrained by annihilation cross-section 〈σv〉 ∼ 1pb in which thermal relic DM abundance
are compatible with the observed relic DM density. Many experimental constraints are present for the
selection of parameter space of light DM i.e. strongest constraints on DM-electron scattering are imposed by
LSND experiment [45, 47, 36, 60], CRESST-II [58] direct detection search places constraints on the large
value of fine structure parameter (αD) of hidden sector, BaBar [33] experiment is mono-photon searches
provides constraint on the mass of DM is mχ > 60MeV , beam dump experiment E137 [61] is sensitive for
light DM with 20 GeV electron beam and NA64 collaboration [34] recently provides a strong constraints
on the mass of dark photon which should be below the 100 MeV.
The reachable parameter space by neutrino facilities is mγD > 2mχ and gD εg which suggest that dark
photon mostly decays into dark matter pair and for this situation the annihilation cross-section of scalar DM
into leptons is discussed in reference [35]:
σ(χχ†→ ll)v∼ 8piv
2Y
m2χ
(6)
where,
Y = ε2αD
(
mχ
mγD
)4
;αD =
g2D
4pi
(7)
and v is relative velocity of DM. The DM annihilation cross-section depends of Y which in turn depends
on the ε , αD, mχ and mγD parameters then we have tried to explore the correlation between (Y,mχ) and
(ε,mγD) for DUNE detector.
3 Production of the Dark Matter Candidates:
Several models have been developed to study the light DM candidates. Amongst these models we have to
select one, which contains in itself a viable annihilation channels to be studied at the selected experiment.
We have selected dark matter physics model which works for light DM candidates and can be used for DM
beam produced at fixed target neutrino experiments. Near detector of a fixed target neutrino experiments
are designed to detect the neutrino signatures but here we want to check their sensitivity for DM detection
[36]. The idea behind the DM detection by the fixed target neutrino experiments is as follows: a highly
intense proton beam interacts with the fixed target and produces dark photons which further decays into
DM candidates. In this way beside neutrino beam DM beam is also produced in neutrino experiments. In
the presence of neutrino beam the detection of DM particles will be difficult as the neutrino beam will act as
a background and this background will add huge errors in the detection of DM. Therefore beam dump mode
is selected for exploring the sensitivity of DUNE. In this mode proton beam interacts with the beryllium
target and produces charged pions which are aligned using magnetic horn towards a steel absorber (beam
dump) further that would be decay into neutrinos. In this way nearly pure DM beam is produced in beam
dump mode.
Here most of the light dark photons are produced from the decay of neutral mesons. Some heavy dark
photons are also produced from the resonance vector mesons and from the hadron-level interactions. Keep-
ing in mind that beam energy of DUNE flux is high here we summarize the three production mode of light
dark matter.
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1. pi0/η mesons decay: relevant for lower masses of dark photon.
2. Resonant vector mesons (Bremsstrahlung) decay: relevant for intermediate masses of dark photon.
3. Direct or parton-level production from quarks and gluon constituents: relevant for higher masses of dark
photon (mγD>1 GeV).
3.1 pi0/η mesons decay in flight:
At lower energies the neutral mesons decay channel dominates over other channels for the over all produc-
tion of dark photon. These mesons are produced from the primary interaction of p(p) and p(n).
p+ p(n)→ X+pi0,η → X+ γ+ γD→ X+ γ+χ+χ† (8)
This DM production process depends on the beam energy and configuration of target because decay of
mesons can happen either inside the target or in successive decay volume. Since the mesons distribution
varies with the beam energy hence different experiments needs different analytical fit f (θ , p) for mesons
distribution in θ and p plane so distribution of DM flux can be estimated. In case of proton beam energy
considered in this work (120 GeV for DUNE) the analytical distribution considered is BMPT (Beryllium
Material Proton Target) distribution [37]. Using BMPT distribution for mesons in the appropriate energy
range we get σpp→pppi0 ≈ 27σpp→ppη [38].
If the mass of neutral meson is greater than the mass of the dark photon i.e. mγD < mδ (δ = pi0,η)
or if the mass of DM particle produced is such that 2mχ < mγD < mδ then γD will be produced on-shell
and it will decay into DM candidates. Branching ratio of mesons decay to dark matter using narrow width
approximation [39] is equal to the product of mesons decay to dark photons and dark photon to dark matter.
The production of dark photon depends on ε2 and ratio of mγD and mδ while it is independent from mχ and
αD.
Br(δ → γχχ†) = Br(δ → γγD)Br(γD→ χχ†) (9)
Br(δ → γγD)' 2ε2
(
1− m
2
γD
m2δ
)3
Br(δ → γγ) (10)
Where Br(pi0→ γγ)' 1 and Br(η → γγ)' 0.39. For completeness, the dark photon always decay into
DM indicates Br(γD→ χχ†)' 1, which requires ε  1 condition.
For off-shell production of dark photon i.e. 2mχ > mγD or m
2
γD & m
2
δ − 2ΓγDmγD (where ΓγD is decay
width of DP), the narrow width approximation is not a viable choice. In this case dark matter production
are calculated by three body decay and branching ratio for this production does not have any analytical
form as in the case of on-shell production. Therefore branching ratio is calculated by integrating over the
phase-space (dΨ ). Branching ratio for off-shell dark matter production is expressed as [40],
Br(δ → γχχ†) = ε
2αD
Γδ
× 1
4pimδ
∫
dΨδ→γγDdΨγD→χχ†dq
2
γD |Aδ→γχχ† |2 (11)
where dΨ is two body phase-space, q2γD is momentum of DP, Γδ is total decay width of pi
0 and η , and
Aδ→γχχ† is three body decay normalized amplitude.
|Aδ→γχχ† |2 =
ε2αDα2
pi f 2δ [(q
2
γD −m2γD)2+m2γDΓ 2γD ]
[(q2γD −4m2χ)(m2δ −q2γD)2−4q2γD(p.k1− p.k2)2] (12)
Where, fδ is meson (pi0,η) decay constant, p and qγD are momenta of ordinary photon and dark photon
respectively, k1 and k2 are momenta of dark matter and anti dark matter produced in the final state.
The total dark matter particles produced via both on-shell and off-shell production can be written as,
Nχ = ∑
on−shell+o f f−shell
Br(δ → γχχ†)×δ per pi0×pi0 per POT ×POT (13)
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where, δ per pi0 = 1 for pi0 and δ per pi0 = 0.11 for η which gives the pi0 production 27 times that of
η production. pi0 per POT and which is number of pi0 per proton on target (POT) is equal to 4.5 [41] for
DUNE.
3.2 Resonant vector mesons (proton Bremsstrahlung) decay:
Proton bremsstrahlung production process becomes effective for intermediate mass range of mediators. The
dark photon produced in this process is via the scattering of proton by nucleons of fixed target which is sim-
ilar to the ordinary proton bremsstrahlung.
p+ p(n)→ p+ p(n)+ γD,
In this process a nearly collimated beam of dark photon is generated. The four momentum assigned to
incident proton of mass mp is q= (Ep,0,0,Q) where Ep = Q+
m2p
2Q . The four momentum of outgoing dark
photon of mass mγD is qγD = (EγD ,q⊥ cos(φ),q⊥ sin(φ),Q.z) where EγD = Q.z+
q2⊥+m
2
γD
2Q.z , Q.z= q‖ and z is
a fraction of proton beam momentum carried away by outgoing DP in the direction of proton beam. q⊥ and
q‖ are transverse and longitudinal components of γD momenta.
By Weizsa¨cker-Williams approximation the rate of dark photon production per proton is as follows [42, 43],
d2NγD
dzdq2⊥
=
σpA(2mp(Ep−EγD))
σpA(2mpEp)
F21,N(q
2) fyx(z,q2⊥) (14)
here σpA = f (A)σpp, f (A) is a function of atomic number A and fyx(z,q2⊥) is a splitting weight-function of
photon which relates before and after scattering differential cross section [42],
fyx(z,q2⊥)=
ε2α
2piH
[
1+(1−z)2
z −2z(1− z)
(
2m2p+m
2
γD
H − z2
2m4p
H2
)
+2z(1− z)(z+(1− z)2)m
2
pm
2
γD
H2 +2z(1− z)2
m4γD
H2
]
here H = q2⊥+(1− z)m2γD + z2m2p and α is electromagnetic fine structure constant.
Since radiative γD has time-like momentum and time-like form factor F1,N(q2) expresses off-shell mixing
with vector mesons in appropriate kinematic region. Vector portal consider only proton form factor F1,p(q2)
[44] which incorporates both ρ-like (isovector) and ω-like (isoscalar) Breit-Wigner components [44] and
this form factor is not completely resolved for ρ and ω . Above 1 GeV, the form factor suppresses the rate
of production of virtual photons and at this moment direct parton level production comes into play.
To calculate the dark photon production rate, equation [14] must be integrated over p⊥ and z with a range
that satisfied by the some kinematic conditions [42]:
Ep,EγD ,EP−EγD  mp,mγD , |q⊥| (15)
We have selected a range z ∈ [0.2,0.8] and |p⊥|= 0.4 for DUNE which satisfied the above conditions.
Fig. 1: Parton-level production of scalar dark matter via vector portal.
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3.3 Direct production of dark matter from Drell-Yan process:
Parton-level production mechanism is very interesting as it provides a portal for the production of high
energetic dark photon. Direct production of dark photons from Drell-Yan process is shown in figure [1].
p+ p(n)→ X+ γD→ X+χχ† (16)
This process will use the narrow width approximation for on-shell DM production [45] and this approxi-
mation is valid up to the second order. The dark matter production cross-section as a function of lab frame
DM energy Eχ and angle between the direction of proton beam and lab frame momentum of DM φ can be
expressed as,
d2σ(p+ p(n)→ X+ γD→ X+χχ†)
dEχd cosφ
=
[
∂ (x,cos φˆ)
∂ (Eχ ,cosφ)
]
× dσ(pp(n)→ γD)
dz
Br(γD→ χχ†)g(cos φˆ)
(17)
where φˆ is angle between momentum of dark matter candidate and proton beam, in the dark photon rest
frame, and square bracket term is a Jacobian function. The g function gives the angular distribution of the
dark matter in γD rest frame for scalar DM produced via a vector mediator and it can be expressed as,
g(cos φˆ) =
3
4
(1− cos2 φˆ) (18)
the direct production cross-section of dark photon is [45],
σ(pp(n)→ γD)=
∫ 1
ζ
dσ(pp(n)→ γD)
dx
dx=
4pi2αε2
m2γD
∑
q
Q2q
∫ 1
ζ
dx
x
τ
[
fq/p(x) fq/p(n)(
ζ
x
)+ fq/p(x) fq/p(n)(
ζ
x
)
]
(19)
where Qq is quark charge in the unit of positron electric charge, ζ = m2γD/s and
√
s is the hadron-level
center of mass energy. fq/p(n)(x) is the parton distribution function (PDF) which gives the probability of
extraction of quarks and gluons from proton(neutron) with longitudinal momentum fraction x. To evaluate
cross-section, we have used CTEQ6.6 PDFs [46] and have set Q = mγD which is varied in range of mγD/2
to 2mγD .
To produce the dark matter we integrate the equation [17] over the DM lab frame energy and angle between
proton beam direction and momentum of DM lab frame.
4 Scattering and Cross-Section of Dark Matter Beam:
In this work we explore the allowed parameter space for dark matter signatures at DUNE experiment
through elastic neutral current-like (NCE-like) scattering of DM candidate with nucleons and electrons.
Fig. 2: Tree-level DM scattering with nucleons and electrons via vector portal.
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4.1 Elastic neutral current-like scattering with electrons:
The differential cross-section of DM elastic scattering with electrons [47] as a function of scattered electron
energy (Ee) is given below:
dσχe→χe
dEe
= 4piααDε2×
2meE2− (2meE+m2χ)(Ee−me)
(E2−m2χ)(m2γD +2meEe−2m2e)2
(20)
where me is mass of the electron, mχ is mass of the dark matter and E is the incoming dark matter energy.
4.2 Elastic neutral current-like scattering with nucleons:
Scattering of scalar DM with nucleons via vector mediator is similar to the neutrino-nucleon scattering
via Z-mediator [48]. The differential cross-section of incoherent elastic scattering of dark matter with free
nucleons with respect to the outgoing dark matter energy (Eχ ) can be expressed as [47, 49],
dσχN→χN
dEχ
= 4piααDε2×
F21,N(Q
2)A(E,Eχ)− 14F22,N(Q2)B(E,Eχ)
(m2γD +2mN(E−Eχ))2(E2−m2χ)
(21)
where E and Eχ represents energy of incoming and outgoing dark matter and Q2 = 2mN(E−Eχ) is the
transferred four momentum. The function A and B are expressed as:
A(E,Eχ) = 2mNEEχ −m2χ(E−Eχ);B(E,Eχ) = (Eχ −E)[(Eχ +E)2+2mN(Eχ −E)−4m2χ ] (22)
The contribution to this cross-section arises from both nucleons: protons and neutrons hence their form
factors are present in the above equation [20]. The F1,N and F2,N represents monopole and dipole form
factors of nucleons respectively and can be expressed as,
F1,N =
qN
(1+Q2/m2N)2
;F2,N =
κN
(1+Q2/m2N)2
(23)
where qp = 1, qn = 0, κp = 1.79, and κn = -1.9. Above scattering equation stands only for free nucleons
but we know that in a nucleus bound nucleons also exist. Therefore we can use effective differential cross-
section with a consideration of bound nucleons. The effective differential cross-section can be written as,
dσ e f fχN→χN
dEχ
=
[
1
7
Cp f (Q2)+
3
7
Cpb(Q2)
]
dσχ p→χ p
dEχ
+
3
7
Cnb(Q2)
dσχn→χn
dEχ
(24)
where C’s are the relative efficiencies of dark matter scattering with free proton (Cp f ), bound proton (Cpb),
bound neutron (Cnb) and they are the function of momentum transfer Q2.
5 Simulation Technique:
We have used BdNMC (Beam dump Neutrino Monte Carlo) [18] simulation tool to find out the sensitivity
of DUNE for DM detection. The DM beam is generated via three different modes; (i) Mesons decay:
essential parameters for meson decay channel considered in our work are δ per pi0 = 1 for pi0, δ per pi0 =
0.11 for η and pi0 per POT = 4.5 [41]. (ii) Bremsstrahlung decay: in proton bremsstrahlung mode DM
beam is produced through the decay of ρ and ω resonant vector mesons. (iii) parton-level: for parton-
level process we have used CTEQ6.6 parton distribution function to generate DM beam. The details of
DM beam production is mentioned in section(3). The BMPT distribution function is used to produce DM
beam through above three modes. A highly intense proton beam interacts with beryllium target in the
fixed target DUNE experiment and produces DM particles via all relevant channels. These DM particles
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propagate through decay volume to the DUNE near detector. A brief description of the parameters of DUNE
experiment considered in our work are listed below [50]:
Name Target material Ebeam POT Detector mass (Fiducial) Distance Angle Efficiency(εe f f )
DUNE Ar+CH4 120 GeV 1.1×1021 1 ton(900 Kg + 100 Kg) 574 m 0 0.9 [51]
Table 1: Essential parameters for DUNE near detector.
Elastic scattering of DM candidates by electron and nucleons are studied in our work. The expression
for the combination of total DM signal events observed is taken as [18],
NχA→χA = NAεe f f ∑
p.c.
(
Nχ
2Ntrials
∑
i
LiσχA,i
)
(25)
where εe f f is the detection efficiency of detector, NA(e,p,n) is the electron and nucleon density of target
atoms in the detector and p.c. mentions the relevant production channel of DM. The Ntrials is number of
trajectories generated by the Monte Carlo. The inner summation is over 4-momenta of dark matter created
by the production Monte Carlo and Li is the length of the intersection between dark matter trajectory (4-
momentum) and the detector. The DM total cross-section σχA(E) is taken as,
σχA(E) =
∫ Emaxχ
Eminχ
dEχ ∑
A=e,p,n
fA
dσχ,A
dEχ
(26)
where E is the energy of incoming dark matter, Eχ is the energy of outgoing dark matter and E
min/max
χ is
minimum and maximum outgoing DM energy which is calculated by the experimental cuts on the elec-
tron/nucleon recoil momentum q, which is taken as
√
2M(E−Eχ). For vector portal in elastic or quasi-
elastic scattering we take fp,n,e = Z, A - Z, Z.
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Fig. 3: The event rate of DM elastic scattering with nucleons (left panel) and electrons (right panel) versus
dark photon mass from distinct channels by using 120 GeV beam energy. Here we have considered mχ =
0.01 GeV, ε = 10−3 and αD = 0.5.
6 Constraints on Minimal Light Dark Matter Model:
In our work we have considered the coupling of hidden sector with SM particles via vector portal . A viable
light DM benchmark model is required to describe the coupling of hidden sector with SM. To make the
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considered model viable with the detection technologies several constraints needs to be imposed on the
parameters of the model, which are summarized below in brief.
• Thermal relic DM constraints: The constraints imposed by WMAP (Wilkinson Microwave Anisotropy
Probe) on the thermal relic DM density, ΩDMh2 ∼ 0.1∼ (0.1pb)/〈σv〉 f o (h= 0.710±0.025 is Hubble
constant in the unit of 100 km sec−1Mpc−1) introduces the DM annihilation cross-section at freeze-out
to be 〈σv〉 f o ∼ 1pb. Generally, if DM annihilation cross-section is 〈σv〉 f o & 1pb then it does not provide
enough contribution to the relic DM abundance.
• CMB and BBN constraints on light DM: The constraints on DM annihilation cross-section are intro-
duced by the CMB too. The cross-section considered should be such that they do not distort the CMB
due to energy injection. The constraint imposed by WMAP7 on the DM annihilation cross-section is
f (z)〈σv〉CMB . 0.1(mχ/GeV )pb, here f (z) is an efficiency factor which depends on the redshift z. For
the lower masses of DM, efficiency factor f varies from f ∼ 0.2 for pion in the final state to f ∼ 1 for
electron in the final state [52][45]. These constraints excludes the thermal relic DM abundance below
the few GeV DM masses via s-channel annihilation. The DM annihilation cross-section via is s-wave
(thermally averaged annihilation cross-section is independent of time) suppressed and therefore have
less impact on BBN (Big Bang Nucleosynthesis) [53].
• Bullet cluster and cluster lensing constraints: The constraint on DM self scattering cross-section im-
posed by bullet cluster and cluster lensing observations [54][55] is given by,
σ
mχ
. f ew× cm
2
g
(27)
As it is obvious from equation [6] and equation [7] that above defined constraint will impose bound on
the fine structure constant αD of the hidden sector at lower DM masses [35].
αD . 0.06×
√(
MeV
mχ
)
×
( mγD
10MeV
)2
(28)
In our work we have used the benchmark value of αD = 0.5.
• Constraints on the kinetic mixing term ε: Kinetic mixing parameter ε defines the kinetic mixing of
dark photon of hidden sector with ordinary photon of SM via vector portal. Recent bound on ε are set
by invisible decay [56, 71] and supernovae [57]. The invisible decay of J/ψ (e.g. J/ψ → γ∗D → χχ†)
andϒ (1S) decay (e.g.ϒ (1S)→ γ∗D→ χχ†) imposes constraints on the upper limit, αDε2 . f ew×10−4
for lower DM masses. While the lower limit is imposed by the observation of supernovae which is
αDε2 & f ew×10−14.
• Direct detection constraints: The recent constraints to the direct detection of light DM are imposed
by CRESST-II [58] and CDMS-Lite [59]. The CRESST-II experiment can explore the sensitivity of
DM masses below 0.5 GeV with detection threshold of nuclear recoil 307 eV. Whereas CDMS-lite
experiment can detect the electron recoils as low as 56 eV for DM masses O(MeV-GeV) hence DM-
electron scattering can reach towards lower masses of DM.
• Beam dump experiment constraints: LSND fixed target proton beam dump experiment provides a
way to investigate sub-GeV DM. This experiment suggests the strongest bounds for on-shell DM pro-
duction mode mγD . mpi0 via p+ p(n)→ X + pi0 → X + γ + γD → X + γ + χ + χ† [45, 47, 36, 60],
these DM candidates when scattered through electrons and nucleons looks similar to neutrino neutral-
current scattering signature. The E137 fixed target electron beam dump experiment [61] is sensitive for
e+ p(n)→ e+ p(n)+ γD→ e+ p(n)+ χ+ χ† in a downstream detector. The DM production yield de-
pends on Y , “Y” is expressed as Y = ε2αD
(
mχ
mγD
)4
, scales with ε2αD and the ratio of mχ and mγD . The
ratio, mχ/mγD = 1/3 is most conservative value for the estimation of the DM yield, the larger value of
ratio will call stronger constraints for the estimation of the DM yield.
• BaBar experiment: A mono-photon search performed at BaBar experiment [33] imposes constraint
on the mass of dark photon which further invisibly decays into DM. This experiment eliminates the
existence of dark photon with the limits mγD<8 GeV and ε > 10−3 for mχ > 60 MeV.
• K+→ pi+νν¯: The result of E949 experiment at Brookhaven National Laboratory places a limit on kinetic
mixing parameter ε2 > 3×10−5 for MeV-GeV mass scale of dark photon [62, 63].
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• Electron/Muon g−2: The blue band shown in the figure [4] and [6] is the region where the consistency
of theoretical and experimental value improves to with in 3σ . Leaving this space all other parameter
space is excluded as it increases the disagreement of either muon or electron g− 2 to more than 5σ
[64, 65, 66].
7 Results and Discussion:
World wide there are various proposed and ongoing neutrino experiments whose potential needs to be
checked for the existence of light DM. The sensitivity for the detection of DM candidate signature depends
on beam energy; size, geometry and material of the detector; angle acceptance of detector and mitigation of
neutrino background. In this work we have explored the sensitivity of DUNE near detector for the detection
of sub-GeV DM with a physics model which is based on the production of DM at a given experiment via
vector portal. In this model the dark photon of gauge group U(1)D kinetically mixes with photon of U(1)
gauge group of visible sector. The Y parameter as defined in equation [7] depends on the kinetic mixing
term ε , fine structure constant of hidden sector αD, mass of the DM mχ and mass of the dark photon mγD . At
first step we have checked the rate of dark matter scattering with electrons and nucleons by varying mass of
the dark photon mγD between 0.01 to 2 GeV and this is shown in figure [3]. The DM candidate produced via
pi0 channel gives a dominant contribution to the scattering events at lower masses of dark photon. Whereas
the scattering events of DM candidates produced via bremsstrahlung and parton-level starts dominating
at higher masses of mγD . For mγD > 1.2 GeV the main contribution to the scattering events comes from
parton-level channel. In this work the inclusion of parton-level production channel is important as the beam
energy considered for production of DM is high. As it is evident from left (nucleon scattering) and right
(electron scattering) panel of figure [3] that for lower masses of dark photon, DM scattering with electrons
is a promising way for the observance of DM candidates but for higher masses of dark photon (mγD & 100
MeV) DM-nucleon scattering is the effective way for the detection of DM candidates.
In figure [3] the value of kinetic mixing term ε is kept constant at ε = 10−3. To impose a better constraints
on the parameter space, in figure [5] we have allowed the parameter ε to vary between 10−1 to 10−5 and DP
mass is varied in range from 0.03 GeV to 2 GeV for the fixed mass of DM. With the help of the thermal relic
abundance of DM [47] as shown in figure [5] (black line) realistic constraints on parameter space ε and mγD
for the fixed mass of DM is explored by DM-nucleon and DM-electron scattering events at DUNE detector.
For the DM-nucleon scattering (left panel) we have imposed ER ∈ [0.1,2] GeV cuts on the recoil energy
of nucleons. Similarly for DM-electron scattering (right panel) a stringent forward angle cut is imposed on
electron i.e. θe ∈ [0.01,0.02] and the energy cut on scattered electron is Ee ∈ [0.1,2] GeV. The sensitivity
contours of DUNE for elastic scattering of DM with nucleons and electrons by a considering given mass
of DM (10 MeV) are in ε and mγD plane are shown by 10 (blue), 100 (green) and 1000 (red) events. From
our analysis we can observe that the DM-electron scattering is more sensitive to lower kinetic mixing and
lower mass parameter space (ε,mγD ). Whereas sensitivity of DM-nucleon scattering shows better results in
the parameter space (ε,mγD ) which defined by the lower kinetic mixing O(10−4−10−3) and higher masses
of dark photon mγD(0.1−2GeV ). A sharp increase in DUNE sensitivity is observed at ∼ 800 MeV mass of
mγD which can be attributed to the resonance production at mγD ∼ mρ(mω) via bremsstrahlung.
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Fig. 4: The contour sensitivity plot for light dark matter yield via electron and nucleon elastic scattering in
the parameter space of (ε,mγD ) for different experiment [18].
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Fig. 5: The contour sensitivity plot for light dark matter signatures at DUNE in the parameter space of
(ε,mγD ). These dark matter are produced from distinct channels by using 120 GeV proton beam. Here we
have considered mχ = 0.01 GeV, αD = 0.5 and POT = 1.1×1021. In above plot, blue, green and red contour
lines corresponds to 10, 100 and 1000 events while black line shows thermal relic dark matter (freeze-out).
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Fig. 6: The contour sensitivity plot for light dark matter yield via electron and nucleon elastic scattering in
the parameter space of (Y,mχ ) for different experiment [18].
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Fig. 7: The contour sensitivity plot for light dark matter signatures at DUNE in the parameter space of
(Y,mχ ). These dark matter are produced from distinct channels by using 120 GeV proton beam. Here we
have considered mγD = 3mχ , αD = 0.5 and POT = 1.1×1021. In above plot, blue, green and red contour line
corresponds to 10, 100 and 1000 events while black line shows thermal relic dark matter (freeze-out).
In the figure [7] DM mass (mχ ) varies from 10 MeV to 1000 MeV and kinetic mixing parameter (ε)
varies from 10−5 to 10−1. A fixed number of DM scattering events are selected to illustrate the DUNE
sensitivity for sub-GeV DM. For the generation of these DM scattering events, mγD = 3mχ and fine structure
constant of hidden sector αD = 0.5 are taken into consideration. The scattering signatures of DM that can
be registered by the DUNE in the selected parameter space is observed. Since a given mass of dark matter
produced by dark photon are of different energies hence no linear trend between mχ and ε are observed.
This parameter space is shown in figure [7] for different number of events i.e. 10 (blue), 100 (green), 1000
(red) events and black line represents the relic dark matter abundance. In this scenario the DM-electron
scattering is effective for the study of lower mass of DM (< 40MeV ) whereas DM-nucleon scattering is
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effective for larger range and greater values of DM mass. A sharp increase in DUNE sensitivity is observed
at ∼ 300 MeV mass of mχ which can be attributed to the resonance production at mχ = mγD3 ∼
mρ (mω )
3 via
bremsstrahlung.
8 Conclusion:
Dark matter detection is one of the biggest challenge before the scientific community and seeks input from
different branches of science to resolve it. Cosmological and astrophysical evidences of DM needs some
new physics to explain the existence of the DM. Thermal relic DM abundance provides conceptually one
of the simplest and relevant information for the development of DM physics models. Significant efforts are
under way to explore the DM signatures via direct or indirect detection technique. Generally the scattering
signatures of DM mimics the signatures of neutrinos and they adds a significant background to the DM
detection. Hence mitigation of neutrino background is necessary. There are various ways [16] for the re-
duction of neutrino background but here we have used beam dump mode technique. This beam dump mode
approach is very effective to mitigate the neutrino background, where charged mesons are dumped in the
decay volume (which decay into neutrinos). This approach is recently used by the MiniBooNE experiment
[16].
We have analyzed the simulated study of the sub-GeV DM production and detection at DUNE near
detector through direct detection technique at fixed target, in beam dump mode. We have tried to capture
the sub-GeV DM signatures via DM-nucleon and DM-electron scattering at DUNE near detector. For this
we have explored the DM parameter space (ε , mγD ) and (Y , mχ ) by taking the thermal relic DM density
(black line) for scalar DM candidates as benchmark. The fine structure constant of hidden sector is αD = 0.5
in our analysis. In upcoming work we will try to explore the sensitivity plot for different values of αD
too. The results indicates that the DM-electron scattering is more efficient at lower masses, whereas DM-
nucleon scattering sensitivity is better in higher masses regime. The DUNE experiment will be sensitive to
the larger parameter space of (mχ ,ε2αD) in comparison to other proton beam fixed target experiments i.e.
LSND and MiniBooNE [18, 69, 70, 71]. Present constrained on DM parameter space imposed by DUNE is
better constrained by prospective constraints on DM parameter space by the different experiments. We have
observed that the sensitivity of DUNE detector for sub-GeV DM is roughly by 50% better as in comparison
to neutrino experiments.
8.1 Viability of the model:
We have focused on the sub-GeV mass range of DM candidates in the proton fixed target experiment
to probe the thermal relic DM by considering a model in which a massive dark photon mediator γD, a
hypothetical particle belonging to U(1)D gauge group kinetically mixes with the ordinary photon of the
SM through the kinetic mixing term ε . To address the discrepancy observed between the experimental and
theoretical values of the anomalous magnetic moment (g− 2) of leptons, the model under consideration
keeps the window open (with DUNE) for handling the (g− 2) anomaly. The mono-photon searches at
Belle-II [73] experiment will further decide the viability of the vector portal. The collider searches for
missing energy and momentum can further add information to the dark matter model. The forthcoming
e-ASTROGAM [74] a gamma ray telescope will offer important platform to discover dark matter particles
with masses below ∼ 10 MeV and check the viability of the model. Further CRESST-II experiment pushes
down the mass of DM below 1 GeV in the direct detection technique. In this way we can see that the fusion
of all approaches will allow us to pin down the dark matter parameter space.
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In this section, we illustrate the DUNE experiment potential for the detection of sub-GeV DM scattering
signatures. The neutral current elastic scattering events at 90% confidence level in the two parameter space
(ε,mγD ) and (Y,mχ ) are exhibited in figure [8]. We have calculated the 90% C.L. limit from the frequentist
confidence level method [68] by using the results of BdNMC.
In the left panel of figure [8], we observe that DM-electron scattering (dotted line) are more effective
for lower masses of dark photon i.e. < 100 MeV, whereas DM-nucleon scattering (solid line) shows bet-
ter sensitivity for DP masses greater than 100 MeV. Similarly the right panel of figure [8], DM-electron
shows better sensitivity for lower values of DM masses i.e. < 40 MeV while the sensitivity of DM-nucleon
scattering is better for larger value of DM masses i.e. > 40 MeV.
To compare our results of figure [8] we have selected figure [23] of reference [67] which illustrate
MiniBooNE sensitivity for 90% confidence level. On comparison we observe that at 90% C.L. the DUNE
experiment shows better sensitivity for scattered signatures of sub-GeV DM with electrons and nucleons.
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Fig. 8: We have displayed DM-electron and DM-nucleon scattering events at 90% confidence level in both
plane of parameter space (ε,mγD ) and (Y,mχ ).
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